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I TTTTRODUCTIOH 

! 

i 

1.  Purpose. — The  purpose  of  this  thesis  is  to  investigate 
the  effect  of  concentrated  loads  upon  wide  beams.  Tests  were  made 

in  1909  and  1910  at  the  University  of  Illinois  by  X.  E.  Robinson 

i 

j for  the  same  purpose  and  reported  in  his  thesis  entitled  ’’Tests  of 
Reinforced  Concrete  Beams:  Effect  of  Lateral  Distribution”.  Eis 
tests  were  made  on  beams  similar  to  those  used  in  this  thesis. 

Beams  of  different  oroportions  between  lengths,  breadths,  and  thick- 
ness were  tested  with  different  widths  of  load  applied  at  the  one— 

! third  points  of  the  span.  The  object  was  to  determine  the  differ— 

| ence  in  effect  between  a load  distributed  over  the  entire  width  of 
i a beam,  and  one  concentrated  in  the  middle  portion  of  the  beam. 

With  this  in  view,  the  deformations  of  the  steel  reinforcing  were 
measured  across  the  center  of  the  beam.  Data  were  obtained  in  re- 
gard to  the  distribution  of  stresses,  ultimate  load,  and  manner  of 
failure. 

£.  Supervision. — The  Engineering  Experiment  Station  of  the 
University  of  Illinois  is  engaged  in  the  investigation  of  the  action 
of  reinforced  concrete  in  various  forms.  The  tests  described  in 
this  thesis  were  made  under  the  direction  of  the  Experiment  Station 
staff  and  form  a part  of  a more  elaborate  investigation  of  rein- 
forced concrete  beams.  The  interpretation  of  results  and  the  con- 
clusions drawn  are  original  with  the  writer  of  this  thesis  and  not 
' l 


' 


a part  of  the  work  of  the  Station, 


II  MATERIALS . TEST  PISCES,  AHD  METHODS  OE  TEST I EG 

3.  Materials. — The  sand  and  stone  were  ordered  under  the 
same  specifications  as  those  given  in  the  bulletins  of  the  Engineer- 
ing Experiment  Station. 

Stone. — The  stone  was  a good  quality  of  limestone  from 
Kankakee,  Illinois,  ordered  screened  through  a one  inch  screen,  and 
was  graded  as  shown  in  Table  I. 

Table  I. 

Mechanical  Analysis  of  Stone 


Sieve  Ho. 

Per  cent  retained 

Per  cent  passing 

1 in. 

0.0 

100.0 

3/4  in. 

4.7 

95.3 

l/ 2 in. 

35.7 

59.6 

3/8  in. 

24 . 5 

35.1 

3 

17.1 

18.0 

5 

14.1 

3.9 

10 

1.1 

2.8 

Pan 

2.8 

0.0 

Sand. — The  sand  used  came  from  near  the  T7abash  river  at 
Attica,  Indiana.  It  was  relatively  free  from  dirt  and  was  graded 
as  shown  in  Table  II. 
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Table  II. 

Mechanical  Analysis  of  Sand 


Sieve  Uo. 

Per  cent  retained 

Per  cent  passing 

3 

0.1 

99.9 

4 

0.7 

99.2 

5 

8 . 5 

96.7 

10 

28. 8 

74.5 

IS 

7.0 

67.5 

16 

6.9 

60.6 

18 

10.7 

49.9 

30 

20.1 

29.8 

40 

12.4 

17.4 

50 

10.0 

7.4 

74 

4.0 

3.4 

150 

2.2 

1.2 

Pan 

1.2 

0.0 

Cement. — Universal  Portland  cement  was  used  with  two  excep- 
tions, namely,  beams  number  749.1  and  749.2.  Lehigh  Portland  cement 
was  used  for  these  two.  The  Universal  Portland  cement  was  graded 
as  shown  in  Table  III.  The  tests  for  tensile  strength  are  shown  in 
Table  IV. 
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Table  III. 

Mechanical  Analysis  of  Portland  Cement 

Sieve  Ho. 

Per  cent  retained 

Per  cent  passing 

100 

3.5 

96.5 

200 

17.5 

82.5 

Table  IV. 

Tensile  Strength  of  Heat  Universal  Portland 

Cement 

Humber 

7 days 

28  days 

1 

585 

660 

2 

580 

670 

3 

590 

675 

4 

615 

675 

5 

575 

680 

• 

589 

672 

The  tests 

for 

tensile  strength  of  the  Lehigh  portland  cement 

are  shown  in  Table 

V. 

Table  V, 

Tensile 

Str 

ength  of  Heat  Lehigh  Portland 

Cement 

Humber 

7 days 

28  days 

1 

720 

780 

2 

715 

835 

3 

670 

760 

4 

750 

830 

5 

780 

820 

727  . 

-805 

. 


5 

Concrete. — A 1—2—4  mixture  was  used  for  all  of  the  specimens 
with  the  exception  of  heara  number  749. 2 in  which  a 1—1—2  mixture 
was  used  on  account  of  the  necessity  for  shortening  the  time  of 
setting.  Men  in  the  employ  of  the  Experiment  Station,  who  were 
accustomed  to  making  the  concrete,  mixed  the  material  and  made  the 

i 

test  beams.  The  mixing  was  done  with  shovels  by  hand. 

I 

Steel. — All  the  steel  used  was  mild  steel,  and  came  from 

j 

I the  Illinois  Steel  Company.  The  yield  ooint  was  about  40  COO  lb. 

| per  sq.  in. 

4.  Test  Beams. — The  summary  sheet  page  14  gives  dimensions 
of  the  test  beams;  the  numbers  are  those  which  will  be  used  in 
the  subsequent  discussion  to  designate  the  various  specimens. 

5.  Method  of  Making  Beams. — The  beams  were  made  directly 

on  the  concrete  floor  of  the  laboratory,  a strip  of  building  paper 

being  laid  beneath  the  beam  to  prevent  its  adhering  to  the  floor. 

The  forms  were  of  the  ordinary  wooden  knock— down  type.  Beams  749,1 

and  749,g  were  made  with  6— in.  12  l/4  lb,  I-beam  supports  imbedded 

- 

in  the  concrete  as  shown  in  Pig.  2 page  9.  The  24  l/4— in.  square 

i corrugated  bars  were  bent  down  over  the  flanges  of  these  I— beams, 

6.  Storage. — The  beams  were  stored  in  a room  the  tempera—, 
ture  of  which  was  from  60°  P.  to  70°  P.  They  were  tested  at  the 
age  of  about  60  days,  with  the  exception  of  beams  number  749.1  and 
749.2  which  v/ere  tested  at  the  age  of  about  SO  days.  The  exact  ages 
are  given  in  the  summary  sheet  page  14. 

7.  Method  of  Testing. — The  beams  were  inverted  and  tested 
with  the  reinforced  side  up  in  order  to  facilitate  measuring  the 
deformations  in  the  steel.  The  load  was  applied  by  means  of  a sys- 
tem of  I— beams  and  rollers.  Beam  Ho.  742.15  v/as  placed  in  the  center 


. 

T] 

of  the  Riehle  600  000  lb.  machine,  and  the  load  applied  directly 
by  the  moving  head.  This,  however,  necessitated  a very  awkward  and 
cramped  position  of  the  observer  in  the  reading  of  deformations  in 
the  steel,  which  it  was  certain  lessened  the  accuracy  of  the  obser- 
vations. Hence  for  the  remainder  of  the  tests  in  this  machine 
(except  those  of  beams  749.1  and  749.0)  an  apparatus  somewhat  sim- 
ilar to  that  shown  in  Fig.  1 for  the  200  000  lb.  Olsen  machine  was 
used  which  arrangement  allowed  the  test  beam  to  be  placed  in  a 
position  more  convenient  for  the  observer.  The  load  on  the  beams 
tested  in  this  way  was,  of  course,  only  half  that  indicated  by  the 
weighing  beam  of  the  testing  machine.  Beams  742.1,  74.7.1,  747.7, 
744.1,  744.7,  and  746,1  were  tested  in  this  manner,  and  the  photo- 
graph of  beam  749,1,  Fig,  4,  shows  th'Hiehle  machine, The  rest  of  the 
beams  with  the  exception  of  beams  number  749.1  and  r/4? . 2 were  tested 
in  the  Olsen  Beam  Machine.  The  arrangement  for  the  Olsen  machine  is 
shown  in  Fig,  1,  A similar  arrangement  was  used  in  the  P.iehle 
machine . 

Beams  749,1  and  749,2  were  tested  directly  in  the  Biehle 
Machine  as  shown  in  Fig.  2, 

The  load  blocks  were  steel  bars  7— in.  wide  by  1— in.  thick 
cut  off  at  different  lengths  for  the  different  ratios  of  width  of 
load  to  width  of  beam.  They  were  imbedded  in  plaster  of  paris, 
except  for  beams  749.1  and  749.2  in  which  cushions  of  rubber  hose 
were  used,  and  supported  upon  rollers.  The  supports  were  I— beams 
imbedded  in  plaster  of  paris  or  in  the  concrete  itself. 

The  deformations  of  the  steel  were  measured  by  the  Berry 
extensometer , the  principles  of  which  are  shown  in  Fig.  7.  The  arm 
(a  — b)  is  hinged  at  (b),  and  since  the  ratio  of  the  distance  a — b 
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to  the  distance  b — c is  5,  a movement  of  .001  inches  at  ( a Torres— 

' ponds  with  an  actual  deformation  in  the  steel,  of  only  .0002  inches 
or  a stress  of  1000  lb.  per  sq.  in.  if  the  gauged  length  is  6 inches 
and  the  modulus  of  elasticity  of  the  steel  is  30  000  000.  The  leg 
d — e is  movable  and  can  be  moved  along  the  body  of  the  instrument 
| giving  gauge  lengths^arying  from  6 inches  to  11  inches.  The  amount 
of  motion  of  the  lever  arm  at  fa)  can  be  measured  either  by  a micro- 
meter screw  with  an  electric  contact  or  by  an  Ames  dial.  It  was 
found  that  the  Ames  dial  gave  quicker  and  more  satisfactory  results. 
To  apply  the  instrument  it  was  necessary  chisel  out  holes  in  the 

rr 

concrete  to  the  steel,  and  then  holes  about  ^-in,  in  diameter  and 
3/32— in.  deep  were  drilled  into  the  steel  to  which  the  points  of 
the  instrument  were  adjusted.  The  instrument  ordinarily  measures 
to  .0002  of  an  inch,  although  its  performance  depends  a great  deal 
on  the  practice  and  skill  of  the  operator,  and  upon  the  cleanness 
and  smoothness  of  the  holes. 
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Fig.  / 
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The  original  data  obtained  in  these  tests  were  recorded  in  a 
field  note  hook  kept  by  the  Engineering  Experiment  Station,  In 
Table  VI  are  given  the  ultimate  loads  and  manner  of  failure  of  the 
various  beams.  Failure  by  tension  in  the  steel  and  by  diagonal  ten- 
sion are  described  in  Bulletins  Ho.  4 and  Ho.  14  of  the  University 
of  Illinois  Engineering  Experiment  Station.  Failure  as  a slab  is 
not  well  defined,  but  in  this  thesis  the  term  will  be  used  to  mean 
failure  by  cracking  longitudinally . 

9.  Load— Stress  Diagrams The  data  obtained  in  regard  to 
stresses  are  plotted  on  pages  20  to  48.  The  diagrams  on  the  lower 
part  of  the  page  show  the  corresponding  stress  and  loads  for  various 
bars  of  the  beam.  Stresses  in  all  trie  bars  were  not  measured. 
Only  enough  were  measured  to  show  the  general  distribution  across 

! 

the  beam.  The  curves  are  irregular  for  low  stresses  or  as  long  as 
the  concrete  itself  takes  part  of  the  tension.  As  soon  as  the  con- 
crete cracks  and  the  steel  takes  the  large  part  of  the  tension,  the 

I stresses  are  directly  proportional  to  the  load,  or  the  curve  is  a 

* 

straight  line.  The  general  tendency  is  for  the  steel  to  take  very 
little  stress  when  the  load  is  first  applied,  and  when  a point  is 
reached  where  the  concrete  cracks,  the  stress  in  the  steel  jumps  up 
suddenly  to  a point  where  it  holds  the  load  in  equilibrium  and  from 
that  point  on  is  proportional  to  the  load. 

The  diagrams  in  the  upper  part  of  the  page  show  the  general 
distribution  of  stresses  across  the  beam.  Two  points  were  chosen 
at  which  the  stresses  are  plotted.  First,  the  stresses  were  plotted 
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for  suoh  a load  as  produced  working  stresses  in  the  steel,  that  is 
! about  15  000  lbs.  per  sq . in.  Second,  the  stresses  were  plotted 
for  such  a load  as  stressed  the  steel  to  its  elastic  limit,  that  is 

about  35  000  lbs.  per  sq.  in.  The  most  noticeable  feature  of  these 

I 

diagrams  is  their  irregularity.  The  stress  in  any  particular  bar 
seems  to  depend  upon  something  else  besides  the  load  and  the  po- 
sition of  the  bar  in  the  beam.  This  is  at  least  true  for  all  the 
beams  which  have  a greater  span  than  width  irrespective  of  the  ratio 
of  the  width  of  load  to  width  of  beam.  In  many  cases  the  stresses 
in  bars  at  the  edges  of  the  beam  are  greater  than  the  stresses  in 
bars  in  the  center  of  the  beam  directly  beneath  the  load.  In  beams 
749.1  and  749.2,  where  the  width  is  greater  than  the  span,  there  is 
a marked  variation  in  stress  between  the  bars  at  the  center  of  the 
beam  and  those  at  the  edges.  There  is  also  a noticeable  irregular— 
j ity  in  the  curve  due  to  irregularity  in  bond,  but  the  stress  falls 
away  so  rapidly  as  the  bars  are  removed  from  the  center  that  the  bars 
at  the  edges  cannot  be  counted  on  to  take  anything  like  as  much 
stress  as  the  bars  at  the  center  do. 

10.  Manner  of  Failure, — -Although  the  distribution  of 
stress  in  beams,  where  the  span  is  greater  than  the  width,  does  not 
seem  to  be  much  affected  by  the  ratio  of  the  width  of  the  load  to  the 
width  of  the  beam ^ the  manner  of  failure  is.A  beam  loaded  for  its 
full  width  may  fail  either  by  tension  in  the  steel  or  by  diagonal 
tension,  depending  upon  the  ratio  of  the  span  to  the  depth.  So  that 
the  only  difference  in  effect  that  concentrating  the  load  would  have 
would  bo  to  cause  slab  failure.  All  of  the  beams  numbered  743  fail- 
ed in  this  manner,  and  also  beams  numbers  744.5  and  744.6.  Other 
beams  of  series  number  744  failed  by  tension  in  the  steel  or  by 


. 
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diagonal  tension  and  carried  more  load  than  those  that  failed  as  a 
slab. 

A small  per  cent  of  cross— reinforcing  was  sufficient  to 
prevent  failure  as  a slab.  The  diagrams,  showing  the  stresses  in 

i 

the  cross— reinforcement  of  beams  number  745  and  746  on  pages  54 
to  40  show  that  the  stresses  are  small  until  the  ultimate  load 

i 

is  nearly  reached  when  they  increase  rapidl?/,  which  fact  shows  that 
slab  failure  tends  to  occur  suddenly  with  a small  increase  of  load. 

The  wide  beams,  numbered  749,  were  made  to  fail  in  all 
three  ways  by  applying  the  load  long  enough.  The  primary  failure 

I 

was  by  tension  in  the  steel  in  the  bars  directly  under  the  load. 

Then  these  yielded,  the  bars  adjacent  took  the  stress  until  they 
yielded,  a point  being  finally  reached  where  a longitudinal  crack 
opened,  showing  a tendency  to  fail  as  a slab.  On  continuing  to 
apply  the  load,  final  failure  was  by  diagonal  tension,  a piece  hav- 
ing somewhat  the  shape  of  a frustum  of  a pyramid  being  punched  out. 
The  top  of  this  frustum  consisted  of  the  area  under  and  between  the 
loading  plates  and  the  bottom  of  it  was  a square  whose  side  was 
about  equal  to  the  span. 

11.  Ultimate  Load. — 

For  the  purpose  of  determining  the  effect  of  the  width  of 
a bean  on  its  efficiency  the  ultimate  loads  will  be  reduced  to  a 
common  basis  for  comparison.  The  standard  for  comparison  should  be 
a narrow  beam  loaded  over  its  full  width  but  in  this  series  of  tests 
there  was  no  such  bean.  However,  beans  742.1  and  742.3  failed  by 
tension  in  the  steel  and  the  variation  in  the  stresses  from  the  cen- 
ter to  the  edge  was  slight.  The  load  which  they  carried  was,  there- 
fore, probably  about  the  same  as  would  have  been  carried  if  the 
width  of  the  load  had  been  equal  to  the  width  of  the  beam  and  the 
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average  load  carried  tyr  these  h earns  will  he  used  as  the  standard 

for  comparison, 

For  a reinforced  concrete  beam, 

M = pfjbd2  = XP1  in  which; 

M = resisting  moment  developed, 
p = ratio  of  reinforcement, 

b = width  of  beam, 

d = depth  of  beam, 

jd  = arm  of  resisting  couple. 

K = a constant  dependent  upon  the  method  of  loading, 

? = total  load  carried  b y the  beam. 

A 

1 = span  of  the  beam. 

Let  Mq  be  the  resisting  moment  for  the  average  beam  of  ser- 
ies 742.1  and  742.3,  and 


M1  = ?i  fi  Ji 


dS  = K1P111 


KP1 


Mi  = ^^41  Wl 


u = u JElil  x 

X 1 


P f ,1  b d2  _ 
pifi'5ihidi 


^l1!  ^ A f .1  d 


x i A1f1j1a1 

This  equation  for  P gives  the  load  which  should  be  carried 
by  any  beam  in  terms  of  the  load  ?q  carried  by  the  standard  beam. 

If  77  is  the  load  actually  carried  by  any  beam,  its  efficiency  may 

TTT  W Tf->  p*l  f"»  Q 1 1 -I  d5 

be  represented  by  the  term  = =r—  x tr'Sr-  x --  — - - - In  the  fol— 

" - P Pq  ^-q1!  pfjbd2 

lowing  table  is  given  for  the  various  series  of  beams,  the  values  of 

the  coefficient  p f131h1d5  . , . , , 

x ^ — L-L  _l  in  which  for  all  cases  it  is 


K111 


pfjbd1 


assumed  that 


-p  - -p 
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Series 


742.1-4  743  744  745  746  747  748  749 


Q 


1 


7 .175  .175  .175  0.7  1.05  .4 


For  convenience  call  the  coefficient 


Then  the  of  a Dean  nay 


w ’ 17^ 

he  represented  hy  the  ratio  ^ ~ . In  the  sunnary  sheet 

JL  Vjr\ 

( Table  VI  page  14)  a colunn  is  headed  I giving  the  efficiencies 

irn 


for  the  various  beans  of  this  series. 

Preference  to  this  table  shows  that  when  the  full  strength 
of  the  steel  was  developed,  the  bean  gave  the  greatest  efficiency. 
Where  a bean  failed  by  diagonal  tension  or  as  a slab  the  efficiency 
was  less.  The  efficiencies  for  beans  nunbered  749  show  that  only 
a portion  of  the  strength  of  the  bean  was  developed.  The  use  of 
cross— reinforcement , by  preventing  slab  failure,  enabled  beams 
number  745  and  746  to  take  higher  load  than  beans  of  the  sane 
dimensions  which  failed  by  slab  action.  But  the  results  do  not 
show  the  necessity  of  cross— reinforcement  except  as  a matter  of 
extra  precaution,  since  some  of  the  beans  of  the  sane  dimensions 
as  those  having  cross— reinforcement , did  not  fail  as  a slab,  and 
carried  higher  load  than  those  having  cross— reinforcement . 
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IV  COUClUSIOUS  A HD  THEORETICAL  STUDY 


There  are  two  points  in  the  test  of  each  bean,  at  which  it 
is  important  to  study  stresses.  The  first  is  when  working  stresses 
are  developed,  and  the  second  is  just  before  failure.  The  results 
of  the  tests  made  on  beams  in  which  the  span  is  greater  than  the 
width,  seem  to  show  that,  at  working  stresses,  the  variation  in 
stress  due  to  concentration  of  the  load  can  be  neglected.  In  nearly 
all  cases  the  stress  in  the  steel  at  the  edges  of  the  beam  wen  as 
great  as  that  at  the  center.  At  least,  the  difference  is  very 
slight  and  is  less  than  the  variation  due  to  unexplained  causes. 
Where  cross— reinforcement  was  used  the  stress  in  the  cross— rein- 
forcement was  very  small  when  the  longitudinal  reinforcement  was 
stressed  up  to  full  working  stress.  Even  at  the  highest  stresses 
in  the  longitudinal  steel,  the  variation  due  to  concentration  of 
the  load  was  very  slight,  but  to  avoid  failure  by  diagonal  tension 
or  as  a slab,  other  reinforcing  was  necessary.  The  data  obtained 
does  not  seem  to  offer  a means  of  determining  the  exact  amount  of 
cross— reinforcement  necessary  to  prevent  slab  failure,  but  it  does 
show  that  a very  little  is  sufficient.  There  only  0.22  per  cent 
was  used  the  maximum  stress  was  only  20  000  lbs.  per  s q.  in.  while 
the  stress  in  the  longitudinal  steel  was  35  0 00  lbs.  per  sq.  in. 

T7e  may  say  then  in  conclusion,  for  slabs  in  which  the  span 
is  greater  than  the  width,  that  for  calculating  the  longitudinal 
reinforcement,  the  load  may  be  considered  as  distributed  over  the 
entire  beam  and  as  far  as  these  tests  indicate,  failure  as  a slab 
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can  tie  prevented  by  less  than  0.22  per  cent  of  cross— reinforcing. 

TThere  the  width  is  much  greater  than  the  span,  not  nearly 
all  the  strength  of  the  longitudinal  steel  is  developed  before 
failure,  as  is  shown  by  the  results  of  the  tests  of  beams  numbered 
749,  There  are  two  ways  of  studying  beans  of  this  class;  first, 
by  determining  what  amount  of  cross— reinforcement  is  necessary  to 
develop  the  entire  strength  of  the  longitudinal  reinforcement;  or 
second,  if  cross— reinforcement  is  not  used,  to  determine  what  pro- 
portion of  the  strength  of  the  longitudinal  steel  will  be  developed, 
when  a given  load  of  given  concentration  is  applied.  For  the  beams 
tested  of  this  class,  an  attempt  will  be  made  to  determine  what 
proportion  of  the  steel  can  be  considered  effective  in  carrying 
load. 

Consider  beam  number  749.1  when  rod  number  7,  directly  under 
the  load,  has  a stress  of  15  000  lbs.  per  sq.  inch.  Adding  up  the 
stresses  per  square  inch  in  all  rods  as  taken  off  the  diagram  on 
the  upper  part  of  pages  47  and  48  , we  have  for  the  total  stress 

in  the  steel, 

fs  = 164  500  lbs.  per  sq.  in. 

If  each  bar  took  a stress  of  15  000  lbs,  per  sq.  in.  the  number  of 
bars  required  would  be 

IT  = 164  500  -i-  15  000  = 11 

The  proportion  of  the  beam  effective  for  carrying  load  then  is 
11  - 24  or  0.46. 

* 

The  proportion,  when  worked  out  for  the  same  beam  number 
749.1  at  a stress  of  55  000  lbs.  per  sq.  in.  in  its  center  rods  is 

0.37. 


' 


These  proportions,  when  worked  out  for  beam  nuriber  749,2, 
are  found  to  he  0.29  for  a stress  of  15  000  lbs.  per  sq,  in.,  and 
0.294  for  a stress  of  55  000  lbs.  per  sq.  in.  The  actual  width  of 
the  bean  that  can  he  considered  effective  in  carrying  load  is 
W = 0.29  x 96 
= 28  inches. 

On  account  of  having  to  hurry  the  test  of  this  last  beam,  the  usual 
stiffness  of  the  concrete  was  not  developed  and  probably  the  result 
is  a little  low.  Furthermore,  these  results  cannot  he  interpreted 
too  closely  on  account  of  a certain  amount  of  error  in  observation 
and  variation  in  concrete.  It  seems  safe,  however,  to  consider  30 
inches,  or  a width  equal  to  the  span  as  effective  in  carrying  load. 
This  result  agrees  with  the  results  obtained  from  the  tests  of  the 
beams  narrower  than  the  span  which  did  not  show  material  variation 
in  stress  laterally.  In  lieu  of  a more  complete  analysis  founded 
upon  more  extended  data  the  following  empirical  rule  is  offered, 
that  a width  of  beam  equal  to  the  span  can  be  considered  effective 
in  carrying  load  irrespective  of  the  concentration , which  seems  to 
be  verified  by  these  tests. 


